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Abstract-The incorporation of [Me-'"C] from SAM-[Me-r4C] into precursors indicates the following sequence of tocopherol synthesis in spinach: 2-methyl-6phytyIquinol (6-phytyltoluquinol) (la) ---, 2,3-dimethylphytylquinol (ph~ylpl~t~uinol) @n)--, y-tocopberol ($@+a-tocopherol (6) . la is particularly preferred to 2-methyl-5-phytyiquinol (lb) and Z-methyl-3-phytylquinol (1~). 1~ only forms 2a. 2~ is converted to 6 via ti and, to a lesser extent, 2,54methyl-6-phylquinol (2b) to 6 via f3-tocopherol (5b). Trimethylphytylquinol (3) is not an intermediate in the formation of 6. All reactions are independent of light.
INI'RODUCIION

8,
Threlfafl in 197 1 [ 1, 21 proposed two equally plausible pathways for the biosynthesis of tocopherols. Thus the methylation might occur on the chromanol stage (la-4 -+ 5a-t6
[l]) or on the phytylquinol and chromanol stage (la-+Za-+Sa-+6 121). In contrast, Janiszowska and Pennock in 19'76 [3] concluded from their studies on whole plants of Phaseolus and Tropueolum that methylation might occur more or less unspecifically yielding all isomers of phytylquinols and tocopherois. The paper presented here describes studies on tocopherol synthesis in spinach chloropiasts. The results essentially confirm the hypothesis in ref.
w.
HO
Optimization for rocapherot synthesis in chloroplasrs.
The need for SAM instead of methionine plus Al?
Only chloroplasts of non-differentiated leaves (l-2 weeks old) are capable of tocopherol synthesis. In these optimization experiments using very young leaves no substrate was added because the leaves contain relatively large amounts of prenylquinols as endogenous substrates (on average 1 nmol 2a and nmol la per mg chlorophyll). No C-methylation occurs if Met +ATp instead of SAM is applied. Obviously chloroplasts are not able to form SAM under these conditions. Chloroplasts osmotically shocked for a few minutes (in suspensions with more than 1 mg chlorophyll/ml) show nearly the same rates as more or less intact ones (suspensions with 60-80% intact chioroplasts). Optimal rates are found at pH 7.6 in medium C according to Jensen and Bassham [4] containing 10mM NaHCOJ. At pH 6.7 the rate is 85%, and at pH 6.1 55% of the optimum.
C["q formed by the reaction with SAM-[Me-'4C] in chloroplasts was examined for constancy of specific activity (sp. act. (dpm/nmol) after the addition of carrier-& 1 st TLC on system II 9.84; 2 nd TLC on system N 9.32; 3 rd TLC on system III 8.48). Table I .
The C-methylation is strictly enzymic; if chloroplasts were omitted, no reaction occurred. Activity with endogenous substrates was negligible in ca 2-week-old leaves used here, Hence the following sequence in tocopherol synthesis can be derived: la--+ 2a -+ So -+ 6 (28 6 3). Considering the results mentioned above the other possible sequence la --+ 4 -5~ + 6 is only an unspecific pathway in spinach.
Substrate specificity
In spinach the pathway outlined above seems to be fairly specific. In the first step la is the favoured substrate for the incorporation of a methyl group from SAM; the isomers lb and le are both converted at very low rates ('4C-labels in corresponding dimethyi compounds 100: 10: 5). For the second step the substrate of cyclization is 2a and also 2b; both are cyclized and methylated to 6 at comparable rates. In the third step 5~ is preferred to Sb in the synthesis of 6 (?-labels in 6 100:37). 
Rates in the light compared to those in the dark
None of the steps show a significant difference between light and dark. As the quinol stage is better preserved in the dark, the rate of methylation seems somewhat higher in the dark than in the light.
Effect of substrate concentration
Using la or 2a as substrate at a concentration of lo-'; 10m4, 10m3 and lo-* M, the optimal substrate concentrations were tested. These are ca lo-* M la for the formation of 2r, 10-4-10-3 M la for 58, and 1O-4-1O'5 M 28 for the formation of 6 (Fig. 1 Auena, Triricum, etc. [5] . Furthermore the fact that 5a is temporally preferred to 6 in time course studies on maize and lettuce (Schultz and Keppler, unpublished results) might be deduced from its sequence in synthesis and is not a regulation phenomenon (Fig. 2) .
Since the side reaction from la to 4 seems to be absent in spinach and the reaction of 4 to !!a is only poor, the absence of 4 is explicable. Likewise in Hedera [6] , Heoea [7, 81 and Ecus [9] . 4 seems to be a product of a side reaction [l, 2, 61 rather than an intermediate in the formation of dimethyl and trimethyl tocopherols [8] . Though the above 'tocopherol pathway' [3] generally occurs in higher plants, it might be somewhat modified, especially in species containing tocotrienols [S, 7-91. In Heuea [7, 81 and Ecus [9] they are formed in tissues different from leaves. There the 'tocotrienol pathway' [3] is localized in the latex whereas the 'tocopherol pathway' is more or less restricted to the leaves [8] . Moreover, in Heuea a portion of tocotrienols is esterified with palmitate [5] . The hydrogenation of tocotrienols may be a principal reaction for converting them into tocopherols as was inferred from the incorporation of tritium from 'A' tritio-NADPH-(4R-diastereoisomer) into tocopherols in Ficus [9] or it may be a side reaction from a-tocopherol to 6 as in Heuea latex [3, 81. (2,5-cyclohexadiene-1,4-diones-2-merhyl-(3, 7, 11, 15-rerramethyl-2-hexadecenyf) (quinones of la, lb and lc). Synthesis was carried out by the procedure described above. The fractionation of the isomer mixture was made by multiple TLC on system I (see [3] ).
Reducrion of phyrylquinones for srudies on chloropfasrs. A photometrically adjusted amount of quinone (for extinction coefficients compare [14] ) was dissolved in 1 ml MeOH, reduced with solid NaBH, for 2 min, transferred to Et,0 and washed with H,O. The Et,0 phase was evapd to dryness under N, in vials (10 x 1 cm) and could be stored at -20" in the dark for 1 to 2 hr.
Chloroplasrs were isolated from spinach according to ref. [4] but in a modified way as described in ref. [15] . 
